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Segregated domainIn this study, we report the effect of cholesterol content on the dynamic and structural properties of a
dimyristoyl-phosphatidylcholine and distearoyl-phosphatidylcholine mixture in large unilamellar vesicles. The
range of cholesterol concentrations studied varied around approximately 33.3 mol%, where it has been postulat-
ed that an abrupt change in bilayer organization occurs. Steady-state ﬂuorescence measurements demonstrated
a typical behavior; at low temperatures in themain phase transition, the cholesterol concentration did not affect
the gel phase, but at 37.5 °C (phase coexistence) and in the liquid crystalline phase, the presence of cholesterol
produced an increase in the ﬂuorescence anisotropy of DPH and the generalized polarization of Laurdan. The
greater effect was observed in the liquid crystalline phase, in which the bilayer became a mixture of ﬂuid-like
and liquid-ordered phases. The results obtained at approximately 33.3 mol% of Cholesterol demonstrated that
the Generalized Polarization of Laurdan, the DPH lifetime, the limiting anisotropy and the rotational correlation
time, as well as the ﬂuorescence quenching of DPH by TEMPO, are atmaxima, while the ﬂuorescence intensity of
dehydroergosterol and the lipid solubility in TritonX-100 are atminima. These results correlate well with the hy-
pothesis of domain segregation in the DMPC/DSPC/Cholesterol LUV system. In this context, we postulate that at
33.3 mol% of Cho, the proportion of ordered domains reaches a maximum.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Contrasting with the initial hypothesis of the random distribution of
membrane components, it is nowwidely accepted that biological mem-
branes display lateral phase separation and domain segregation [1,2].
The existence of such domains emphasizes the importance of lateral or-
ganization in biomembranes for complex activities, such as signal trans-
duction [3] and membrane trafﬁcking [4,5]. Moreover, the interface
between the domains of coexisting ﬂuid and ordered phases has been
proposed to act as a site for increased enzyme activity [6].
The multi-component lipid bilayer of model membranes is able to
exhibit segregated lipid phases coexisting over a given temperature in-
terval [7–10]. The binary mixture of dimyristoyl-phosphatidylcholine
(DMPC) and distearoyl-phosphatidylcholine (DSPC) is one of the most
studied systems [9,11–15]. This system shows a broad biphasic region
of gel and liquid crystalline coexistence in its phase diagram [16,17].GP, generalized polarization;
s, large unilamellar vesicles;
yl-phosphatidylcholine; DOPC,
l-1-piperidinyloxy; Cho, choles-
onododecyl ether
6 2 6864744.
ights reserved.Together with phospholipids, cholesterol, a main component of
mammalian plasma membranes, is considered to be one of the major
modiﬁers of the structural and dynamic properties of membranes [18].
Changes in the cholesterol content of biological membranes are
known to alter the properties of the lipid lamella, thus, inﬂuencing the
function of membrane-associated enzymes [19,20]. Moreover, it has
been proposed that biologicalmembraneswith a cholesterol concentra-
tion that varies between 25 and 35 mol% might display liquid–liquid
phase coexistence. Cholesterol can promote the separation of lipid mix-
tures into co-existing Ld and Lo domains [8,21,22] and is critical for raft
formation in cells [18,23] in which the modulation of Lo phase separa-
tion by cholesterol is strongly dependent on its concentration [8]. In
this context, Mouritsen, Zuckermann et al. [24] have conceptualized do-
mains postulating that, in addition to the twowell-established phases of
a lipid-bilayer system, the low temperature gel phase, So, and the ﬂuid
high temperature liquid-crystalline phase, Ld, cholesterol promotes the
formation of a third phase that coexists with Ld. This new intermediate
ﬂuid phase, referred to as the liquid-ordered phase, Lo, exhibits transla-
tional degrees of freedom of the lipid molecules that are similar to
those in a conventional ﬂuid bilayer state, while the conformational de-
grees of freedom of the lipid hydrocarbon chains resemble those of the
gel state.
Experimental evidence suggests the existence of plasma membrane
structures inwhich there exist both detergent insoluble domains (rafts)
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rich in unsaturated phospholipids [23]. In this regard, the third theoret-
ical possibility of a lateral distribution, the regular distribution of sterols
into superlattices in ﬂuid lipid bilayers as proposed by Chong, has re-
ceived supporting evidence [25–32]. This theory proposes the coexis-
tence of distinct ﬂuid domains in ﬂuid sterol-containing membranes
in which some areas contain regularly distributed sterol superlattices
and others show irregular distributions. In these systems, some critical
mole fractions exist at which the proportion of regular domains is at a
maximum. At either side of these maximums, the lateral organization
of the sterol phospholipids is modulated by minute changes in the
lipid composition, predicting maxima or minima for several properties
of membrane probes, enzyme activity, etc. [33,34].
In this work, we examine the effect of cholesterol content on the
structural and dynamic properties of the equimolar mixture of DMPC/
DSPC in large unilamellar vesicles (LUVs). The range of cholesterol con-
centration studied was centered around approximately 33.3 mol%, a
point at which a discontinuity in several membrane properties has been
observed on other systems [31,35,36]. To this end, we carried out ﬂuores-
cence spectroscopy studies using DPH, Laurdan and dehydroergosterol
(DHE) as ﬂuorescent probes. DPH was used as a probe for the acyl
chain deep hydrophobic core regions of the phospholipid bilayer.
Laurdan was used as a ﬂuoresce probe at the membrane glycerol back-
bone level due to the high sensitivity of its spectral shifts in response to
bilayer water content and/or water molecular dynamics. Time-resolved
ﬂuorescence anisotropy and intensity decay measurements, as well as
DPH steady state anisotropy, Laurdan spectral shifts, the ﬂuorescence in-
tensity of DHE and theﬂuorescence quenching of DPHby the TEMPO rad-
ical, were performed. Detergent solubilization experiments were also
performed. The Triton X-100 insolubility method is based on the concept
that strong lipid–lipid interactions in tightly packed ordered domains
tend to make them much more resistant to solubilization than loosely
packed Ld domains. Insolubility in a detergent (usually Triton X-100)
has been widely used to isolate sphingolipid/Cho-rich membranes from
cells [22,37,38].
2. Materials and methods
2.1. Reagents
L-α-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), L-α-
Distearoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol (Cho)
were obtained from Avanti Polar Lipids (Alabaster, AL). Chloroform,
methanol, ethanol and dimethylformamide (DMF) were obtained
from Merck. (Darmstadt, Germany). The ﬂuorescence probes, 1,6-
diphenyl-1,3,5-hexatriene (DPH), 2-dimethylamino-6-dodecanoyl-
naphthalene (Laurdan), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
and ergosta-5,7,9(11),22-tetraen-3β-ol (dehydroergosterol, DHE), were
obtained from Molecular Probes (Oregon, USA). Octaethylene glycol
monododecyl ether (C12E8) was obtained from Sigma (Sigma–Aldrich,
Inc. St. Louis, USA). Bio-Beads® SM-2 was obtained from Bio-Rad (Irvine,
CA, USA). The Cholesterol E reagent for Cho determination was obtained
from Wako Chemicals (Richmond, VA). All reagents were of the highest
purity available and were used without further puriﬁcation.
2.2. Large unilamellar vesicle (LUV) preparation
DMPC/DSPC LUV (1:1 mol/mol) mixtures were prepared according
to previously reportedprotocols [22]. Brieﬂy, a lipidmixture and choles-
terol were dissolved in chloroform, dried under N2 ﬂux, and dried over-
night under high vacuum. The dried lipid mixture was reconstituted
in phosphate (10 mM) buffered saline (150 mM NaCl, PBS, pH 7.4)
supplemented with a C12E8 detergent at a 1:1.2 phospholipid:detergent
ratio. The lipid suspensionwas incubatedwith hydrophobic polystyrene
beads, Bio-Beads® SM-2 (0.2 g/mL), overnight at 4 °C with constant
stirring to remove all detergent. To prevent lipid adsorption by thebeads, the Bio-Beads were pre-saturated by incubating them with
an excess of a small unilamellar vesicle (SUV) suspension of the
same lipid or lipid mixture [39]. The samples for experiments with
dehydroergosterol were prepared with total sterol concentrations
considering cholesterol plus dehydroergosterol as the total sterol.
DPH dissolved in DMF and Laurdan dissolved in ethanol were incor-
porated into the vesicles from concentrated stock solutions and incubat-
ed for 1 h at 60 °C. The added solvent constituted less than 0.5% of the
total solution volume. The lipid to probe ratiowas 800:1. The vesicle con-
centration was maintained as low as possible to minimize errors intro-
duced by light scattering. Throughout the experimental work, the lipid
concentration was 300 μM. The lipid concentrations were determined
according to Marshall's method [40]. This is a colorimetric method
based on complex formation between ammonium ferrothiocyanate
and phospholipids and allows for the evaluation of phospholipids in
the 0.01–0.1 mg range. The optical density was read at 488 nm in 1-
cm path-length 1-mL cuvettes. The cholesterol concentration was deter-
mined using Cho E reagents obtained fromWako Chemicals (Richmond,
VA).
2.3. Steady-state and time resolved ﬂuorescence measurements
The ﬂuorescence anisotropy measurements were carried out
with a multifrequency phase and modulation spectroﬂuorimeter
(K-2, ISS Inc., Champaign, Il, USA) equipped with Glan-Thompson
polarizers. For DPH and Laurdan, the exciting light was from a
modulable ISS 375 nm LED laser. For DPH, the emission was mea-
sured through Schott KV-399 and WG-420 long bandpass ﬁlters.
The polarization measurements were performed in the “L” conﬁgu-
ration using Glan-Thompson prism polarizers in both the excitation
and emission beams. The Laurdan ﬂuorescence spectral shifts were
evaluated from the ﬂuorescence intensities measured at 490 nm
and 440 nm [29] and characterized by the value of the generalized
polarization (GP) deﬁned as: GP = (I440 − I490) / (I440 + I490).
The DPH ﬂuorescence lifetime measurements were made with the
polarizers oriented at the “magic angle” [41]. In the multifrequency
phase and modulation technique, the intensity of the excitation light
ismodulated and the phase shift and relativemodulation of the emitted
light were determined. For the anisotropy decay determination, the dif-
ferential phase angles andmodulation ratios were obtained from paral-
lel and perpendicular oriented sinusoidal polarized emission. The phase
and modulation values were obtained as previously described [42,43].
Dimethyl-POPOP (1,4-bis[2-(4-methyl-5-phenyloxazolyl)] benzene)
in ethanol was used as the reference for the intensity decay (reference
lifetime τ = 1.45 ns). Dehydroergosterol was excited at 325 nm from
a high pressure xenon arc lamp and the emission intensity was mea-
sured at 375 nm then corrected and normalized to the value at themin-
imum. The ﬂuorescence intensities were corrected using the following
factor:
f corr¼ FCho x%−FCho 0%
 
=FCho 0%;
where FCho x% is the totalﬂuorescence intensity in arbitrary units at each
total sterol concentration and F0 is the blank intensity of vesicles with-
out cholesterol and DHE. The data shown represent the mean values
and standard error of measurements from three independent samples.
2.4. Data analysis
The time-resolved ﬂuorescence data were analyzed using the Global
Unlimited software package (Laboratory for Fluorescence Dynamics,
University of Illinois at Urbana–Champaign, Urbana, IL). The ﬁtting func-
tion for the lifetime measurements was the sum of a continuously dis-
tributed Lorentzian component and a discrete component, which was
ﬁxed at 0.01 ns to account for scattered light [43]. The anisotropy
decay data were ﬁtted to a hindered rotator model of anisotropy decay
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which is based on the “wobble-in-cone”model [44]. Themodel included
a hindered rotation component, that is, two rotational correlation times,
where the second rotational correlation time, θ2, was ﬁxed at a large
value (1 ms) relative to the lifetime. In the above equation, ro is the am-
plitude of the anisotropy decay at time 0, θ1 is the fast rotational correla-
tion time of the anisotropy decay and r∞ is the residual anisotropy at
inﬁnite time. θ1 is related to the fractional amplitude f1, that is, the frac-
tion of molecules associated with θ1, where f1 = 1 − r∞/ro. The
ﬂuorophore rotational rate, R1, is related to θ1 by R1 = 1/6θ1, and S, the
mean second rank order parameter of the ﬂuorescent probe in the bilay-
er, is related with the limiting and initial anisotropy by S = (r∞/ro)1/2
[45].
2.5. Measurement of ﬂuorescence quenching by TEMPO
LUVs containing quencher were prepared by adding TEMPO at a
ﬁnal concentration of 2 mM (from a stock solution of TEMPO dissolved
in ethanol). Samples without quencher were prepared by adding the
same volume of ethanol to the vesicles. Both samples were incubated
for 10 min at room temperature. The ﬂuorescence intensities were
measured at the three selected temperatures, and the average ﬂuores-
cence intensity ratio in the presence (F) and in the absence (Fo) of
quencher (F/Fo) was then calculated. Background measurements were
taken at the lowest and highest temperatures, andmeasurements at in-
termediate temperatures were estimated by linear interpolation. This
ﬂuorescence quenching method was developed previously by Bakht
and London [46] to determine the presence of segregated lipid domains
(see Results).
2.6. Detergent solubilization
Solubilization by Triton X-100 was assessed by the loss of light scat-
tering. The optical density was measured at 500 nm using a Hewlett
Packard Vectra XA spectrophotometer in samples of the corresponding
LUV before and after the addition of Triton X-100/PBS at a ﬁnal concen-
tration of 0.5% (w/v). The optical density percentage (%OD) was deﬁned
as the ratio of the optical density before and after Triton X-100 incuba-
tion, and the percentage of solubilizationwas deﬁned as 100 − %OD [47].10 20 30 40 50 60
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samples.3. Results
In the present work, we examined the effect of cholesterol content
upon the structural and dynamic properties of an equimolar mixture
of DMPC/DSPC large unilamellar vesicles (LUVs). The thermotropic be-
havior of the steady-state measurements, represented by the ﬂuores-
cence anisotropy of DPH and the Generalized Polarization of Laurdan
(Figs. 1A and 2A), demonstrated the typical decrease with increasing
temperature. The high value of the anisotropy below 25 °C was charac-
teristic of the gel phase, and the much smaller values above 40 °C were
consistent with the liquid-crystalline phase.
The presence of different cholesterol concentrations had little effect
at low temperatures, but at high temperatures (liquid-crystalline
phase), cholesterol increased the measured ﬂuorescence parameters
(such as at 50 °C) with greater increases at higher temperatures, as in-
dicated in Figs. 1B and 2B. Fig. 1B shows a monotonous increase in
DPH anisotropy between 31 and 55 °C without discontinuities and
with an increasingly steeper initial slope at higher temperatures. The
same behavior was observed for the Laurdan GP (Fig. 2B), but above
36 °C, in the liquid-crystalline phase, there was a discontinuity with a
maximum at 33.3 mol% of Cho.
Fluorescence lifetime and anisotropy decay measurements of DPH
were also performed (Fig. 3A,B and C). The center of the Lorentzian dis-
tribution, τc, was taken to be the ﬂuorophore lifetime. The lifetime of
DPHwas related to thepresence ofwatermolecules in itsmicroenviron-
ment, and its lifetime is extremely sensitive to the polarity of the envi-
ronment [48]. With increasing bilayer cholesterol content, the probe
lifetime showed an overall decrease at 18.2 and 35.5 °C but an overall
increase at 60 °C. These results suggest that that the increase in choles-
terol content induces a hydration increase in the gel state and a corre-
sponding decrease in the liquid crystalline state. However, the most
signiﬁcant results were the local maxima observed at 33.3 mol% of
Cho at the three temperatures, suggesting the existence of a state of
minimum hydration at 33.3 mol% of Cho.
The parameters recovered from the analysis of the DPH time-
resolved anisotropy measurement, the rotational correlation time (θ1)
and the limiting anisotropy (r∞) are shown as a function of the bilayer
cholesterol content in Fig. 3B and C, respectively. At all temperatures,
the limiting anisotropy showedmaxima at 33.3 mol% of Cho, suggesting[Cholesterol] (mol%)
B
0 10 32 36
/DSPC LUVs (1:1 mol/mol). The datawere obtained in the absence (-□-) or presence of 18
sterol. B) The effect of cholesterol on the steady-state ﬂuorescence anisotropy of DPH. The
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Fig. 2.A) The temperature dependence of the generalizedpolarization of Laurdan inDMPC/DSPC LUVs (1:1 mol/mol). The datawere obtained in the absence (-□-) or presence of 18 (-○-);
32 (-Δ-); 32.4 (-∇-); 32.8 (-⊳-); 33.3 (-⊳-); 34 (-⋄-); 34.5 (-⊕-) and 35 (-×-) mol% of cholesterol. B) The effect of cholesterol on the generalized polarization of Laurdan. The data from
panel A plotted at the ﬁxed temperatures of 20 (-□-); 26 (-○-); 31 (-Δ-); 36 (-∇-); 41 (-⋄-); 50 (-⊳-) and 55 °C (-⊳-). Each point represents the average of three independent samples.
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is at a maximum for this cholesterol concentration. On the other hand,
the rotational correlation time (θ1) showed an overall decrease,
pointing to an increase in the probe rotational rate; however, the local
maxima at 33.3 mol% of Cho indicate that, in this state, the probe rota-
tional rate has a local minimum.
Fig. 4A shows the effect of temperature between 20 and 70 °C on the
quenching of DPH ﬂuorescence by TEMPO, expressed as the ratio of
ﬂuorescence intensities in the presence and in the absence of quencher
(F/Fo) at different cholesterol contents. The ﬂuorescence quenching of
DPH by TEMPO was used to examine the phase behavior and to deter-
mine whether segregated domains are present in a lipid mixture with
cholesterol. In vesicles with homogenous bilayers, TEMPO was evenly
distributed; therefore, the entire population of excited DPH is potential-
ly quenchable, and F/Fo is low. However, in vesicles containing co-
existing ordered and disordered domains, TEMPO was preferentially
segregated into the disordered domains, and F/Fo is high, suggesting0 10 32 36
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Fig. 3. The effect of cholesterol on: A) the ﬂuorescence lifetime, B) the rotational correlation tim
(gel phase) (-□-); 35.5 °C (co-existence phase) (-○-) and 60 °C (liquid crystalline phase) (-Δ-that a part of the population of DPH is inaccessible to the quencher
[26,46]. As shown in Fig. 4B, the F/F0 ratio increases with bilayer choles-
terol content at all temperatures with maxima at 33.3 mol% of Cho, ex-
cept at the two lowest temperatures, 25 and 30 °C, which correspond to
gel states, where the curves leveled at 32 mol%. These results suggest a
maximum proportion of ordered domains at 33.3 mol% of Cho.
With the aim of determiningwhether the distribution of cholesterol
in the bilayer is uniform or not in the vicinity of the discontinuity at
33.3 mol% of Cho, we used dehydroergosterol (DHE) as a ﬂuorescent
probe. This ﬂuorescent sterol, similar to cholesterol [26,46], is suitable
for assessing the lateral organization in lipid bilayers [49], as its ﬂuores-
cence intensity is sensible to the environmental polarity [50]. The ﬂuo-
rescence emission intensity of DHE embedded in DMPC/DSPC LUVs as a
function of total sterol content (Choplus DHE) between 32 and 35 mol%
was measured at four temperatures between 18 and 56 °C. The results
shown in Fig. 5 indicate a sharp drop in the ﬂuorescence intensity at
33.3 mol% total sterol content at all temperatures, which suggeststerol] (mol%)
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Fig. 4.A) The temperature dependence of the quenching of theﬂuorescence of DPH by TEMPO radicals inDMPC/DSPC LUVs (1:1 mol/mol). The datawere obtained in the absence (-□-) or
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hence, in the organization of the bilayer (see Discussion).
Given that the segregation of ordered domains in lipid bilayers has
been associated with the appearance of detergent insolubility [37], we
assessed the inﬂuence of cholesterol on the solubility of these systems
in Triton X-100 (see Material and methods, Section 2.6). The solubility
of DMPC/DSPC LUVs with different cholesterol contents was evaluated
at 20, 37 and 55 °C in the interval between 32 and 35 mol%. DOPC
LUVs,which form a single Ld phase, were used as a control formaximum
solubility in the detergent (fully dissolved) at the three tested tempera-
tures, as shown in Fig. 6A.
As expected, the DMPC/DSPC mixtures were not fully dissolved by
Triton X-100, and the solubility increased with increasing temperature.32 33 34 35
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Fig. 5. The effect of cholesterol on the dehydroergosterol (DHE) ﬂuorescence intensity in
DMPC/DSPC LUVs (1:1 mol/mol) at 18 °C (-□-); 37 °C (-○-); 41 °C (-Δ-) and 56 °C (-∇-).
The ﬂuorescence emission intensities at 376 nm (with 325 nm excitation)were normalized
by dividing the corresponding intensity at 33.3 mol% of total sterol (cholesterol + DHE).
Each point represents the average of three independent samples.However, the results depicted in Fig. 6 show that the LUV solubility
decreasedwith cholesterol concentration at all temperatures, exhibiting
a biphasic pattern with a minimum at 33.3 mol%.
4. Discussion
The properties of DMPC/DSPC LUV bilayers are signiﬁcantly in-
ﬂuenced by cholesterol incorporation [27,51,52]. Several proposals
postulate that cholesterol incorporation induces the segregation of do-
mains. The membrane components can be either domain segregated,Sample at 20°C Sample at 37°C Sample at 55°C
0
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Fig. 6. The temperature dependence of the solubilization of DOPC LUVs (positive control)
and of DMPC/DSPC (1:1 mol/mol) LUVs in the absence and presence of cholesterol. The
cholesterol effect on the solubility of DMPC/DSPC LUVs in the presence of Triton X-100 at
the temperatures of 20 °C (-□-) (gel phase); 37 °C (-○-) (co-existence phase); and 55 °C
(-Δ-) (liquid crystalline phase). Each point represents the average and standard error of
triplicate data.
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though there is a consensus that segregated domains induced by choles-
terol can coexist in model membranes, different proposals have
postulated the origin and structure of the phases. The hypothesis of
McConnell [54,55], that cholesterol cooperatively forms condensed mo-
lecular complexeswith certain lipid species, is an example of the domain
segregated approach, while the superlattice model proposed by Chong
[35] is an example of the hypothesis of regularly distributed cholesterol.
In relation to the problem of domain coexistence, our results dem-
onstrated discontinuities at 33.3 mol% of Cho in most of the bilayer
properties, with the exception of the DPH steady state anisotropy
(Fig. 1). The latter showed a steady increase in the bilayer packing
order, leveling at concentrations higher than 30 mol% Cho. However,
DPH time-resolved measurements showed notorious discontinuities.
The DPH ﬂuorescence lifetime changedwith increasing cholesterol con-
centrations (Fig. 3A). The DPH ﬂuorescence lifetime is very sensitive to
the dielectric constant of the environment, decreasing as the polarity in-
creases. The results shown in Fig. 3A indicate an overall increase in the
bilayer water content at lower temperatures and a corresponding over-
all increase at higher temperatures; however, at all temperatures, max-
ima are apparent at 33.3 mol%, indicating that this state corresponds to
a local minimum hydration. On the other hand, the time-resolved DPH
ﬂuorescence anisotropy results at all temperatures showed maxima of
the limiting anisotropy, r∞, at 33.3 mol% of Cho (Fig. 3C), indicating
that at this cholesterol content, a maximum of the phospholipid acyl
chain packing order exists. Furthermore, the rotational correlation
time, also obtained from these measurements (Fig. 3B), showed an
overall decrease with increasing cholesterol concentration with local
maxima at 33.3 mol% of Cho, indicating an overall decrease in the
ﬂuorophore rotational rate with a minimum at 33.3 mol% of Cho.
Additionally, the Laurdan generalized polarization measurements
showedmaxima at 33.3 mol% of Cho, except at the two lower tempera-
tures (corresponding to the gel state) (Fig. 2), indicating that at this cho-
lesterol content, a minimum occurs in the bilayer hydration and/or in
the water molecular dynamics at the glycerol backbone level.
DPH ﬂuorescence quenching experiments by TEMPO were per-
formed to determine whether ordered domain formation was induced
by cholesterol in these vesicles. The quenching methodology used to
this end was developed by London et al. [46,56]. It is based on the
even distribution of the ﬂuorophore DPH between the ordered and dis-
ordered domains and in the differential distribution of the quencher
TEMPO, which shows a preferential distribution in disordered domains
[25,26,37,46]. The segregation of ordered and disordered domains
should result in a quenching decrease because DPH molecules residing
in the ordered domains are partially protected from contact with
TEMPO, resulting in high F/Fo [57]. The results of F/F0 as a function of
the bilayer cholesterol content (Fig. 4) showed an overall increase of
this intensity ratio at all temperatures with maxima at 33.3 mol% of
Cho, suggesting that at this cholesterol concentration, the proportion
of ordered domains reaches a maximum [35].
The dependence of the dehydroergosterol (DHE) ﬂuorescence char-
acteristics on the bilayer properties was used as another method to
detect lipid domain segregation [58]. DHE is a natural ﬂuorescent choles-
terol analog that is structurally and functionally similar to cholesterol
[46] and its ﬂuorescence decreases with the increasing dielectric con-
stant of the medium [50]. In this context, Chong proposed that the
depth of sterol molecules in lipid bilayers is different in ordered domains
and disordered domains [25]. He postulated that as ordered domains
have less free volume, sterol molecules may be located somewhat
less deeply than in irregular domains. Thus, they are exposed to a
more polar environment and show a less intense ﬂuorescence. Our re-
sults (Fig. 5), showing a minimum of DHE ﬂuorescence intensity at
33.3 mol% of total sterol, suggest that at this sterol concentration, amax-
imum proportion of ordered domains exist.
There is a body of evidence indicating that vesicles with segregated
domains present insolubility in detergents [37]. In this context, theinﬂuence of cholesterol on the solubility of the DMPC/DSPC vesicles in
Triton X-100 was assessed. The results (Fig. 6) showed that the solubil-
ity relative to DOPC, a control withmaximum solubility, decreased with
membrane cholesterol content and showed aminimum at 33.3 mol% of
Cho. These results also suggest that the presence of ordered segregated
domains is maximized at 33.3 mol% of Cho.
In summary, our results obtained around approximately 33.3 mol%
of Cho show that the generalized polarization of Laurdan and the life-
time, limiting anisotropy and rotational correlation time of DPH, as
well as the ﬂuorescence quenching of DPH by TEMPO, show maxima,
while the ﬂuorescence intensity of DHE and the lipid solubility in Triton
X-100 showminima. These results correlate well with the hypothesis of
domain segregation in the DMPC/DSPC/Cho LUV system. In this context,
we postulate that at 33.3 mol% of Cho, the proportion of ordered do-
mains reaches a maximum.
This discontinuity is consistent with previous work [59,60], which
showed that cholesterol can be regularly distributed in the liquid crys-
talline state of phosphatidylcholine bilayers.
The existence of these minima or maxima in the bilayer properties
can be rationalized in the context of the sterol superlattice or the regular
distributionmodel proposed by Chong and extended byHuangwith the
umbrella model [31,35]. According to these models, sterol molecules
tend to bemaximally separated and regularly distributed in a hexagonal
lipidmatrix due to long-range repulsive interactions between the bulky
sterol molecules. However, irregular distributions always coexist with
regular distributions due to thermal ﬂuctuations, changes in vesicle
curvature and/or the presence of impurities. The ratio of regular distri-
butions to irregular distributions can reach a local maximum at critical
sterol mole fractions, where membrane defects or membrane-free vol-
umes are at a minimum [33,36].
It should be emphasized that, in the liquid crystalline state of lipid
bilayers, regular and irregular distributions always coexist [33,35,61].
Irregular distributions are lateral organizations in which a regular pat-
tern cannot be recognized [62]. A perfect superlattice arrangement
throughout the entiremembrane is unlikely to occur because of thermal
ﬂuctuations, the presence of impurities, and/or variations in membrane
curvature. This result is in accord with the results of computer simula-
tions [62], which indicate that the ratio of regular to irregular regions
reaches a local maximum at critical cholesterol mole fractions and a
local minimum between two neighboring critical mole fractions. More-
over, the existence of a regular pattern depends on the balance between
energy minimization at a maximal separation of the bulky sterol rings
and the entropy-driven randomization. The balance breaks down at
higher temperatures, where entropy-driven randomization prevails
[36]. The occurrence of regular distributions in the liquid-crystalline
state is of biological signiﬁcance, as most membrane lipids are in the
ﬂuid state under physiological conditions.
5. Conclusion
The results of this study, based on different ﬂuorescence approaches
andmembrane solubility, demonstrate that the effects of cholesterol on
the properties of DMPC/DSPC (mol/mol) large unilamellar vesicles are
biphasic and display minima or maxima at approximately 33.3 mol%.
These discontinuities have been observed in binary model membrane
systems, such as DOPC/Cho [25,35–37,59,63–65]. Our results, which
were obtained in ternary systems, demonstrate the existence of segre-
gated domains and of a critical cholesterol concentration with a maxi-
mum proportion of ordered domains at 33.3 mol% of Cho.
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